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Abstract 
The oxygen reduction reaction (ORR) at different pH values has been studied at platinum 
single crystal electrodes using the hanging meniscus rotating disk electrode (HMRDE) 
configuration. The use of NaF/HClO4 mixtures allows investigating the reaction up to pH = 6 in 
solutions with enough buffering capacity and in the absence of anion specific adsorption. The 
analysis of the currents shows that the kinetic current density measured at 0.85 V for the Pt(111) 
electrode follows a volcano curve with the maximum located around pH = 9. This maximum 
activity for pH = 9 can be related to the effects of the electrode charge and/or water structure 
in the ORR. On the other hand, the catalytic activity for the other basal planes shows a 
monotonic behavior with a small dependence of the activity with pH. For stepped surfaces with 
(111) terraces, the behavior with pH changes gets closer to that of the Pt(111) surface as the 
terrace length increases. Additionally, the ORR curves show a dependence of the limiting 
diffusion current with pH. It is observed that the limiting current density diminishes as the pH 
increases in a potential region where hydrogen peroxide is readily reduced. These results 
suggest the existence of a bifurcation point in the mechanism previous to peroxide formation, 
in which OOH· is proposed as the bifurcation intermediate. The reduction of OOH· requires 
proton addition and would be more difficult at neutral pH values, justifying the diminution of 
the limiting currents.  
Keywords: oxygen reduction reaction; ORR; pH effect; water structure; platinum single crystals; 
Pt(111) 
1. Introduction 
The oxygen reduction reaction (ORR) is the most important cathodic process in fuel cells 
and one of the most difficult challenges in electrocatalysis, because the reaction involves the 
transfer of four electrons to form water, the final reduction product. This fact indicates that the 
mechanism is complex and it implies several elementary steps and intermediates [1]. It is 
generally accepted that adsorbed O, OH, and OOH are the relevant intermediates in the reaction 
mechanism, and their interaction energies with the electrocatalytic surface depend on the 
nature of the material and its surface structure. When the electrocatalytic activity for the ORR 
is plotted vs. the O binding energy (ΔGOads) on different substrates, it was found that the points 
follow a volcano curve [2-4]. Considering this, the design of new catalysts by optimization of the 
binding energies for the different intermediates would bring to an improved performance for 
this reaction. Researchers have followed this idea and electrode materials with improved 
activities with respect to platinum, the best pure metal for this reaction [5], have been obtained 
[6-8]. However, even for the best performing electrocatalysts, the overpotentials are still 
significant. Moreover, theoretical studies predict that any further improvement in the ORR 
performance beyond some given values of these binding energies is impossible because there is 
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a scaling relationship between the O bonding strength and those of OH and OOH. Reaching the 
optimal value for the electrocatalytic activity would have required that those binding energies 
could have been optimized independently. The link between their binding energies [9] leads to 
a limit in improving the ORR performance by following this strategy.  
Analogously, in the case of platinum single crystal electrodes, theoretical studies have 
pointed out a volcano-type response for the ORR performance as a function of ΔGOads or the 
binding energy of OH (ΔGOHads), being the (111) orientation at the top of this curve [10, 11]. The 
reactivity of the basal planes with zero defects can be investigated by extrapolation of the ORR 
activity from stepped surfaces, and contrarily to theoretical results, these experiments show 
that, in acidic solutions, stepped surfaces are more active than Pt(111) [12-14]. However, in 
alkaline media, experimental results indicate that Pt(111) is the most reactive surface [15], in 
agreement with the theoretical predictions. This could be related with the fact that these 
calculations use surface charge densities more negative than those achieved in HClO4, so it is 
possible that the surface charges are not appropriately included in the model. This points out 
that additional studies are required in order to clarify these contradictions. 
Beyond the energetics of bonding interactions between the intermediates and the metal 
surface, interfacial properties such as the electronic distribution in the metal and the water 
structure affect the catalytic properties of the electrocatalyst. On the one hand, regarding the 
interfacial charge, the potential of zero charge (pzc) is a parameter of critical importance. This 
parameter can include the charge involved in adsorption processes, being defined in this case 
as potential of zero total charge (pztc), or when the true electronic charge is only considered, 
then called potential of zero free charge (pzfc) [16, 17]. The pztc is usually the accessible 
magnitude and the pzfc is estimated within a model. The study of the influence of the pH on the 
total and free charge provides important information about the structure of the interface and 
the state of adsorbed hydrogen and OH species, as well as possible intermediates, and their 
influence on the mechanism of the ORR. In previous works, pztc and pzfc have been calculated 
both in acidic and alkaline solutions for different platinum well-oriented surfaces, mainly using 
the CO displacement technique [18-22] . Martínez-Hincapié et al. were able to obtain the 
variation of the pztc and pzfc for Pt(111) within the pH region between 3 and 5, an unexplored 
pH range until that moment for this type of experiments because the common used buffers 
employ anions that adsorbs specifically, but the use of NaF/HClO4 mixtures overcame that 
problem safely [23]. 
On the other hand, anions can act as modifiers of the water structure. There are two 
families of anions: kosmotropes (or structure makers) and chaotropes (or structure breakers), 
according to their relative abilities to induce the structuring of water [24-28]: water is ordered 
by small or multivalent ions and disordered by large monovalent ions. For example, Cl- and F- 
would be kosmotropic anions, while ClO4- and HSO4- would be chaotropic anions [27, 29]. A 
previous work shows that the activity for the ORR on Pt(111) in methanesulfonic acid (MTSA) is 
slightly lower than the activity in perchloric acid. MTSA is kosmotrope in comparison with HClO4. 
A stronger liquid water structuring would increase water dipole polarization at the electric 
double layer and/or decrease the mobility/reactivity of participating non-adsorbed species [29], 
resulting in a smaller activity. 
Despite the significant advances made in the last years from both experimental and 
theoretical works, many aspects of the reaction mechanism are not totally clear yet. On the one 
hand, several authors have proposed that the ORR on Pt takes place via the formation of an 
adsorbed hydroperoxyl radical (OOH·) [3, 30-32]: 
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Pt + O2 → Pt − O2        (1) 
Pt − O2 + H
+ + e− → Pt − OOH      (2) 
Staszak-Jirkovský et al. proposed a mechanism scheme for the ORR in which adsorbed OOH is a 
bifurcation point to yield H2O or H2O2 as primary reaction products, although the latter can also 
originate H2O [33]. This could explain the change from a 4 electrons to a 2 electrons oxygen 
reduction mechanism in acid media that has been observed for Pt(111) in the potential region 
where hydrogen is adsorbed [1], since the adsorbed hydrogen atoms would occupy the µ-peroxo 
adsorption O2 sites, preventing the complete reduction to water and giving thus hydrogen 
peroxide. Ruvinskiy et al. also considered the intermediate OOH as a bifurcation point, which 
can be reduced to H2O2 or decompose to adsorbed O and OH through a chemical step [34]. 
On the other hand, Gómez-Marín et al. proposed the following mechanism in acidic 
media in light of the results obtained in experiments with low concentrations of oxygen [35]: 
O2 + Pt − H2O → Pt − OH + OOH
·      (3) 
Pt + OOH· + H+ + e− → Pt−H2O2      (4) 
Pt + Pt − H2O2 → 2Pt − OH      (5) 
3 × (Pt − OH + H+ + e− → Pt + H2O)     (6) 
Within this framework, hydroxyl radical, OOH·, would be a soluble species interacting strongly 
with the water network, that can be reduced to H2O2 or disproportionate into H2O2 and oxygen 
in a non-electrochemical reaction. Furthermore, OOH· has a moderate reactivity to decompose, 
following a second-order dismutation reaction [36], so it can accumulate near the electrode 
surface and it could be stabilized by the interfacial water close to the electrode surface. In 
conclusion, OOH· would be an intermediate that could exist in solution or very near to the 
electrode surface [35]. These previous works indicate that OOH· intermediate could be crucial in 
the oxygen reduction reaction.  
In alkaline media, it is proposed that the ORR proceeds via the formation of a superoxide anion 
(O2-) after reaction (1) [37]: 
 Pt−O2 + e
− → Pt − O2
−      (7) 
Pt + Pt−O2
− + H2O → Pt − OOH
− + Pt − OH   (8) 
Pt − OOH− → Pt − O + OH−      (9) 
Pt − O + H2O + e
− → Pt − OH + OH−     (10) 
2 × (Pt − OH + e− → Pt + OH−)      (11) 
Reactions (2) and (7) are generally considered rate determining steps, and adsorbed OH- could 
act as a poison by blocking available sites for O2. Superoxide anion has been detected as an 
intermediate of the ORR on Pt in alkaline media by Shao et al. using surface-enhanced infrared 
reflection absorption spectroscopy with attenuated total reflection (ATR-SEIRAS) [38]. 
Considering all the mentioned above, a study of the effect of interfacial properties like 
the pH and electrode charges on well-defined surfaces is mandatory in order to fully understand 
the ORR mechanism and improve the predictions of the theoretical models. This is important for 
selecting the best conditions to design new electrocatalytic materials used in fuel cells. Working 
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at intermediate pH values requires the use of buffered solutions in order to avoid local pH 
changes at the interphase. Buffer solutions commonly used, for example, phosphate buffer, 
introduce anions that adsorb specifically, and whose adsorption strength depends on the pH 
[39]. It is clear then that the study of the effect of the pH and electrode charge should be carried 
out in the absence of specific adsorption. In order to accomplish that, NaF/HClO4 mixtures 
concentrated enough to achieve the necessary buffering capacity have been used. 
2. Experimental 
Experiments were carried out in a two-compartment glass cell with three electrodes 
following the general procedure described in [40]. The working single crystal electrodes were 
prepared from small Pt beads ca. 2 mm in diameter, following the method described by Clavilier 
et al. [41]. In this work basal planes, i.e., Pt(111), Pt(100) and Pt(110) electrodes, and stepped 
surfaces have been used. The selected stepped surfaces have (111) symmetry terraces and (110) 
or (100) monoatomic steps. These surfaces are Pt(554), Pt(775), Pt(544) and Pt(755), which, 
according to the Lang, Joyner and Somorjai (LJS) [42] nomenclature correspond to the 
Pt(S)[9(111)×(110)], Pt(S)[6(111)×(110)], Pt(S)[9(111)×(100)] and Pt(S)[6(111)×(100)] surfaces, 
respectively. Before each measurement, the working electrode was flame annealed in a 
propane-oxygen flame, cooled in an Ar/H2 (3:1) atmosphere and transferred to the 
electrochemical cell protected by an ultrapure water drop saturated with these gases. It has 
been reported that the cooling atmosphere used in this work give rise to experimental surface 
structures in agreement with the nominal topographies [43]. Pt(110) surfaces can reconstruct 
from a (1×1) surface to a (1×2) missing-row surface depending on the cooling method employed. 
On the one hand, Markovic et al. proposed that slower cooling conditions may lead to the (1×2) 
surface, while faster cooling would lead to the (1×1) surface [44]. On the other hand, Attard et 
al. suggested that the (1×1) surface requires stricter control of the cooling conditions, and their 
results show that this surface can be obtained by cooling in a CO atmosphere [45]. Since the 
voltammetric profiles obtained with the cooling method presented here are very similar to the 
presented cyclic voltammetry in [44] for the (1×1) surface, it could be deduced that the Pt(110) 
surfaces presented in this work are (1×1) surfaces or, at least, mixed (1×1)/(1×2) surfaces with 
major (1×1) contribution. The counter electrode was in all cases a platinum coiled wire cleaned 
by flame annealing. The reference electrode used in the case of solutions without NaF was a 
reversible hydrogen electrode (RHE), while in the case of solutions containing sodium fluoride 
was a Ag/AgCl, KCl (saturated) electrode. 
 The exact potential of the Ag/AgCl reference electrode was calibrated by measuring the 
potential difference between the RHE and the Ag/AgCl electrode, both immersed in a buffer 
phosphate solution with a well-known pH value. In all cases, the pH of the working solution was 
measured before and after the experiments to assure that there were no significant pH changes 
in the solution cell. The measurements showed that the pH changes were always smaller than 
0.2 pH units. Potential values have been transformed to the RHE or SHE scale when required. 
The working solutions were prepared using concentrated HClO4 (Merck, for analysis), 
NaF (Merck, Suprapur, 99.99%), NaOH·H2O (Merck, Suprapur, 99.99%), KClO4 (Merck, Suprapur) 
and ≥ 30 % H2O2 solution (Fluka, TraceSELECT® Ultra, for trace analysis). Ar, H2 and O2 (N50, Air 
Liquide) were also employed. Ultrapure water (Elga PureLab Ultra, 18.2 MΩ cm) was used for 
glassware cleaning and the preparation of the solutions. In the case of solutions with pH values 
between 2 and 6, the concentrations of NaF and HClO4 were always chosen so that the buffering 
capacity is high enough to maintain the interfacial pH constant but avoiding the possible 
contamination that could arise from the glass attack made by generated hydrofluoric acid. 
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Control cyclic voltammetric profiles were always recorded before and after the ORR 
measurements, and, in all cases, no noticeable contamination was observed. Experiments with 
a controlled ratio of oxygen and argon in solution were performed using Smart-Trak® 2 Series 
100 Mass Flow Meters and Controllers (Sierra Instruments). 
A signal generator EG&G PARC and eDAQ EA161 potentiostat with an Edaq e-corder 
ED401 recording system were used for the electrochemical measurements. All the experiments 
were performed with the hanging meniscus rotating disk electrode (HMRDE) configuration using 
an EDI101 rotating electrode. Rotation rate was controlled by a Radiometer CTV 101. Rotating 
ring-disk electrode measurements were carried out using a Pine AFMSRXE Electrode Rotator 
using a rotating electrode with both disk and ring made of Pt, and the measurements were taken 
with an EG&G Bi-Potentiostat Model 366A and an eDAQ e-corder ED401. All experiments were 
carried out at room temperature.  
3. Calculations 
3.1 Evaluation of the kinetic current densities (jk) and Tafel slopes 
The current densities, j, measured for the ORR during a cyclic voltammetry experiment 
are limited by mass transport since the oxygen reduction reaction is a diffusion controlled 
reaction. At a certain overpotential value, current density becomes totally controlled by mass 
transport and reaches a constant value, showing a plateau in the cyclic voltammogram. This 
current density value is called limiting current density (jl), and, in our experimental conditions, 
follows the Levich equation [12, 46]: 
𝑗l = 0.62𝑛𝐹𝐷
2/3𝜈−1/6𝐶𝑏𝜔1/2      (12) 
where F is the Faraday constant, D is the diffusion coefficient of oxygen, ν is the kinematic 
viscosity of the solution, Cb is the bulk concentration of oxygen and ω is the rotation rate. For a 
quantitative and comparative study of the catalytic activity of the electrodes, kinetic current 
densities (jk), that is, current densities that would have been obtained in the absence of diffusion 
limitations, must be calculated and analyzed. For a first order reaction, the kinetic current 
density is related with the measured current density (j) and jl according to the equation: 
1
𝑗
=
1
𝑗𝑘
+
1
𝑗𝑙
         (13) 
Using equation (5), the Koutecky-Levich equation is obtained: 
1
𝑗
=
1
𝑗𝑘
+
1
0.62𝑛𝐹𝐷2/3𝜈−1/6𝐶𝑏𝜔1/2
      (14) 
Therefore, kinetic current densities can be calculated by plotting the inverse values of the 
measured current density as a function of ω-1/2. jk can also be calculated from a single rotation 
rate with the following equation using the experimental value of jl for the selected rotation rate: 
𝑗𝑘 =
𝑗
1−𝑗/𝑗𝑙
         (15) 
The electrocalatytic activity of each single crystal electrode in the different solutions can be 
compared by comparing the different kinetic current densities at a fixed potential.  
Moreover, Tafel slopes, another important kinetic parameter in electrochemistry, can be 
obtained as the slope of the curve that results from plotting the potential as a function of log(jk). 
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4. Results and discussion 
4.1 Study of the electrochemical interface in absence of oxygen 
4.1.1. Pt(111) 
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Fig. 1. Voltammetric profiles for Pt(111) in Ar-saturated solutions with pH < 5.6 prepared with NaF/HClO4 
mixtures (A) and with pH > 11.9 prepared with NaOH/KClO4 mixtures (B) in the RHE scale. Scan rate: 50 
mV s-1. 
 
Before studying the oxygen reduction reaction, the metal/solution interphase for the 
different electrolytes was characterized by means of cyclic voltammetry. Fig.1 shows the 
obtained results for the Pt(111) electrode in solutions with different pH values in the RHE scale. 
In 0.1 M perchloric acid, it is accepted that hydrogen adsorption/desorption gives rise to the 
pseudo-capacitive currents below 0.545 V [47, 48]. The complex voltammetric shape observed 
between 0.6 and 0.85 V has been assigned to the reversible formation of adsorbed OH. This OH 
adsorption process has two main features: a broad peak at low potential values followed by a 
sharp peak at 0.8 V. The complex shape of this part of the voltammetric profile has been 
explained using two possible alternatives: a random OH adsorption followed by a disorder-order 
phase transition in the adlayer [49], or an adsorption of OH originated from two different types 
of water [28]. The obtained cyclic voltammetric profiles for pH values between 2 and 6 are 
almost identical to those reported in the previous works [22, 23]. It should be highlighted that 
there are no differences between the voltammetric profiles using NaF/HClO4 mixtures or using 
only perchloric acid with KClO4 with equal pH and ionic strength [22]. As can be observed,  
both H and OH regions lie in the same potential region (in RHE scale) for the different 
pH values (Fig. 1A). Furthermore, the H and OH adsorption regions are symmetrical in all cases, 
thus indicating the absence of important local pH variations. Regarding the evolution of the 
shape of the different regions with pH, while the hydrogen adsorption/desorption region shows 
minimal modifications as the pH increases, noticeable changes are observed in the OH 
adsorption/desorption profile. As can be observed, the intensity of the sharp peak in the OH 
adsorption region at 0.8 V in acidic media decreases as the pH value is increased, while the 
previous broad signal becomes sharper and more intense. This transformation continues 
gradually until obtaining the characteristic signal in alkaline media (Fig. 1B). These changes 
reflect the effects of the absolute electrode potential, that is, the interfacial charge and its 
7 
 
influence on the water structure involved in the OH adsorption process. In conclusion, the use 
NaF/HClO4 mixtures allows the study of the electrified interface for pH values below 6 without 
anion adsorption interferences.  
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Fig. 2. Voltammetric profiles for Pt(111) in Ar-saturated solutions at different pH values in the SHE scale. 
Vertical black line indicates the pzfc for Pt(111). Scan rate: 50 mV s-1. 
 
 
 The voltammetric profiles plotted in the SHE scale are presented in Fig. 2. This figure 
allows highlighting an additional feature around 0.35 V (SHE), whose potential does not depend 
on the pH value. This reversible broad peak is very close to the potential of zero free charge of 
the Pt(111) electrode (ca. 0.28 V vs SHE), as marked by the vertical line in Fig. 2 [22, 23], and for 
this reason has been tentatively attributed to the re-orientation of the water dipole layer at the 
interface [19, 23, 50]. Around pH = 3, pzfc coincides with the pztc implying that, for this pH value, 
the pztc, which is the directly measurable variable, lies in a region where there is no significant 
adsorbed OH or H on the electrode surface. Thus, the metal surface at the potential of zero 
charge is in equilibrium with water molecules directly interacting with the metal surface. For pH 
values higher than 4, pzfc>pztc and therefore, at the extrapolated value of the pzfc adsorbed OH 
molecules are present on the metal surface, while for pH lower than 3, pzfc<pztc, an excess of 
adsorbed hydrogen is present on the interface at the pzfc [22, 23, 51]. It is well known that 
changes in the surface electrode charge and in water structure can lead to differences in the 
electrocatalytic activity [1]. These effects will be pointed out in relation to the ORR studies. 
4.1.2. Pt(100), Pt(110) and stepped surfaces 
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The other basal planes, namely Pt(110) and Pt(100) surfaces, and the stepped Pt(554), 
Pt(775), Pt(544) and Pt(755) surfaces have been also studied in this work. The selected stepped 
surfaces have (111) symmetry terraces with different sizes and (110) or (100) steps. Fig. 3 and 4 
show the measured voltammetric profiles at the different pH values. For the Pt(100) electrode, 
hydrogen and OH adsorption region overlaps [21, 52], so that competitive adsorption processes 
occur and the shape evolves, as the pH increases, to that obtained in alkaline media [21, 53]. In 
the case of the Pt(110) electrode, the two peaks observed at low potentials shift to higher 
potential values and become less resolved as the pH increases. Regarding the stepped surfaces, 
the peak  
traditionally ascribed to H adsorption/desorption at the steps (which appear at 0.13 and 
0.26 V in 0.1 M HClO4) [54-56] moves to more positive values in the RHE scale with pH. This is an 
unexpected behavior because if the adsorption follows the reaction 
Pt + H+ + e− → PtHstep      (16) 
the peak should move 0.059 V per pH unit, and therefore it should remain at the same potential 
value at the RHE scale. Some hypotheses have been proposed to explain this phenomenon, e.g. 
a mixed contribution of OH and O in this adsorption process [57], changes in the lateral 
interaction with pH [58] or the oxidative adsorption of water on the step edges [59]. To sum up, 
the electrochemical interface changes as the pH value is modified for all the studied 
orientations, and this can have consequences for the ORR activity. 
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Fig. 3. Voltammetric profiles for Pt(100) and Pt(110) in Ar-saturated solutions with pH < 5.6 prepared 
with NaF/HClO4 mixtures and pH > 11 prepared with NaOH/KClO4 mixtures in the RHE scale. Scan rate: 
50 mV s-1. 
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4.2 Oxygen reduction reaction at different pH values 
4.2.1 ORR on Pt(111) 
The oxygen reduction reaction has been widely studied in acidic and basic media. 
However, studies of this reaction in neutral pH values are scarce. The main problem is the 
difficulty to find a suitable electrolyte without specific anion adsorption and with high enough 
buffering capacity. Li et al. carried out a study of the ORR on Pt(111) electrodes at different pH 
values lower than 4 by using small concentrations of HClO4 and increasing the ionic strength 
with NaClO4 [60]. In this case, the studied solutions are not able to maintain the local pH at the 
interface. Thus, the observed behavior drastically changes as pH increases when the oxygen 
reduction reaction takes place. This leads to the apparition of two plateaus in the polarization 
curves for the ORR: the first one corresponds to the oxygen reduction reaction in acid media 
(reaction 9), in which the mass transport of H+ is limiting the reaction rate. The second limiting 
current corresponds to the process in which water molecules are the source of protons, as 
occurs in alkaline solutions (reaction 10), and with O2 acting as the limiting reagent in this case.  
O2 + 4H
+ + 4e− → 2H2O 𝐸
0 = 1.23 V    (17) 
O2 + 2H2O + 4e
− → 4OH− 𝐸0 = 0.40 V    (18) 
They analyzed the onset potential before the first plateau and observed that they were very 
similar. However, there is a remarkable variation of the limiting currents for reaction (9). In this 
case, when the limiting current is very small, important changes in the onset potential can be 
unnoticed, because the determination of the onset is very inaccurate. As will be demonstrated, 
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Fig. 4. Voltammetric profiles for different Pt stepped surfaces in Ar-saturated solutions with pH < 5.6 
prepared with NaF/HClO4 mixtures and pH > 11 prepared with NaOH/KClO4 mixtures in the RHE scale. 
Scan rate: 50 mV s-1. 
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the use of NaF/HClO4 mixtures allows studying the oxygen reduction reaction in completely 
buffered conditions provided that the concentration of the electrolyte is high enough. These 
electrolytic solutions supply more reliable data in order to evaluate the electrocatalytic activity 
for the ORR at neutral pH values. 
 Fig. 5 shows the cyclic voltammetric profiles for the ORR on the Pt(111) electrode for 
pH<5.6 and pH>11.9 in the RHE scale. In general, curves have the typical shape in which the 
onset is close to 1.0 V, and the limiting current is reached at potential close to 0.75 V. As 
aforementioned, the absolute value of the limiting current diminishes in the hydrogen 
adsorption region (below 0.3 V) due to the formation of hydrogen peroxide as final product as 
described for 0.1 M HClO4 solutions [12, 13, 15, 61, 62]. The first remarkable feature that can be 
observed is that the onset potential for the oxygen reduction becomes more positive as the pH 
value of the solution increases for pH<7 (fig. 5A). In other words, the overpotential for the 
reaction diminishes while increasing the pH, which is the desired aim for the fuel cells 
technologies, although for practical purposes, it should be considered that solution resistance 
will increase at low concentrations of H+. Additionally, it is important to highlight that, for pH 
values higher than 3, the limiting current density between 0.3 and 0.6 V is smaller than the 
theoretical value, and diminishes as the pH increases. Surprisingly, for pH values around 4, the 
limiting current density value (in absolute value) increases again around 0.2 V to diminish later 
close to the onset of hydrogen evolution. This behavior at low potentials is in contrast to that 
found in more acidic conditions.  
On the other hand, for pH>9, the onset potential diminishes as the pH increases. 
Although cations can affect OH adsorption and the reactivity in alkaline solutions [63], the 
changes in cation concentration between pH = 11 and pH = 12 are very small (0.099 M K+ + 0.001 
M Na+ vs. 0.09 M K+ + 0.01 M Na+), and, in spite of that, there is a clear change in the reactivity, 
which follows the same trend than that observed for pH = 13 (0.1 M Na+). Moreover, as shown 
in figure 1, the different concentration of the cation has no effect on the OH adsorption region 
of the voltammetric profile of the Pt(111) electrode. In addition, an ORR study for Pt(111) at pH 
ca. 12 has been carried out using a NaOH/NaF mixture, since anion fluoride does not adsorb 
specifically [23] and hydrofluoric acid is not formed at these pH values. The obtained results are 
very similar to the results obtained using KClO4 and they follow the same trend. For all the above 
mentioned, it is considered that the changes in cation concentration are not the origin of these 
changes. A full kinetic analysis of the curves at different pH values is given in sections 4.2.3. and 
4.2.4. 
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4.2.2. ORR on Pt(100), Pt(110) and stepped surfaces 
The ORR has been also studied for the other basal planes and for stepped surfaces. 
Results are shown in Fig. 6 and 7. Unlike the Pt(111) electrode, the onset potential in the case 
of the Pt(100) and the Pt(110) surfaces does not change noticeably. For the stepped surfaces is 
difficult to observe the trend by only examining the cyclic voltammetric profiles, but a detailed 
kinetic studied will be presented in section 4.2.3. In general, the diminution of the limiting 
current is observed for all the surfaces, however in a lesser extent than that observed for the 
Pt(111) surface.  
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Fig. 5. Polarization curves for the ORR on Pt(111) in O2-saturated solutions with with pH < 5.6 prepared 
with NaF/HClO4 mixtures (A) and with pH > 11.9 prepared with NaOH/KClO4 mixtures (B). Scan rate: 50 
mV s-1; rotation rate: 2500 rpm. 
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Fig. 6. Polarization curves for the ORR on different Pt orientations in O2-saturated solutions with pH < 5 
prepared with NaF/HClO4 mixtures. Scan rate: 50 mV s-1; rotation rate: 2500 rpm. 
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4.2.3. Kinetic analysis: kinetic current densities (jk) and Tafel slopes 
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Fig. 7. Polarization curves for the ORR on different Pt orientations in O2-saturated solutions with pH > 11 
prepared with NaOH/KClO4 mixtures. Scan rate: 50 mV s-1; rotation rate: 2500 rpm. 
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Although the polarization curves for the ORR shown above can provide a qualitative 
description of the effects of pH in the reaction, the quantitative analysis and the comparison 
between different pH values and surfaces require the calculation of the kinetic current density 
of the reaction calculated according to the procedures described in section 3.1. Fig. 8 shows the 
plot of jk at 0.85 V vs. pH for all the surfaces. As can be seen, a clear volcano curve is obtained 
for the Pt(111) surface. The linear fits obtained  
for pH<6 and pH>11 cross at pH around 9, determining the point of maximum activity, 
that is, the maximum activity for this surface should be reached for pH values close to 9. 
Unfortunately, all the tested buffered solutions for pH around 9 contain species that adsorb on 
the electrode surface, and, this maximum cannot be corroborated experimentally.  
The origin of this behavior for the Pt(111) electrode should be related to the interfacial 
properties, and more specifically to the potential of zero free charge. At the ORR onset potential, 
the surface is always covered by OH. In the case of acidic solutions, the onset is positive to the 
pztc of the electrode (0.28 V vs. SHE) (see figure 2). Assuming that the process of OH adsorption 
does not alter the value of the metal charge, this means that the electrode has a positive charge 
on the onset potential. On the other hand, in alkaline solutions, the onset is located at negative 
potentials with respect the pzfc, and thus the electrode surface should have a negative charge. 
According to the expected behavior, at pH=9, the onset potential lies in the region close to the 
pzfc, and in this pH value is where the maximum activity is obtained. As measured with the 
pulsed laser experiments, the pzfc is very close to the potential of maximum entropy [51, 64, 
65], the region where the water layer close to the surface has the highest disorder. This 
disordered water layer facilitates then the reaction. It should be stressed that the potential for 
the OH desorption on the Pt(111) is not affected by the pH value, but, as shown in figure 1, the 
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OH adsorption isotherm is dependent on the pH, revealing the effects of metal charge and water 
structure on the process. These effects are also affecting the reactivity in this potential region. 
Another factor that could have an influence in the water structure (which also affects OH 
adsorption [28]) is the anions present in solution, since these solutions contains a mixture of 
fluoride, which is a kosmotropic anion, and ClO4-, a chaotropic anion. Possible effects of the 
interfacial water structure (which would change for the different Pt stepped surface at acidic pH 
values since they have different pzfc [18, 65]) were previously considered in the work of 
Bandarenka et al. [66]. Different solvation of the intermediates on (111) terraces on different 
stepped surfaces was also studied by Jinnouchi et al. by DFT computational methods in [67]. 
These results support the idea that the reactivity for the ORR of Pt surfaces can be enhanced by 
changing the interfacial water structure surrounding the intermediates. 
The situation is completely different for the Pt(100) and Pt(110) electrodes. For these 
surfaces, the activity shows a slight monotonic diminution of the reactivity as the pH increases. 
The difference should be then related to the different OH adsorption strength and probably to 
the different water structure. For the Pt(111) surface, the onset potential for the reaction is in 
the region where the surface is covered by adsorbed OH. As the potential is made more negative, 
OH is progressively desorbed and at ca. 0.7 V (the region where the limiting diffusion current is 
observed) the OH coverage is almost negligible. From that potential value the ORR reaction is 
taking place in a free surface. This means that the adsorbed OH in the region of interest 
(between 0.7 and 1.0 V) is relatively labile. For the other two surfaces, the desorption of OH 
occurs at more negative potentials (around 0.3-0.5 V, for Pt(100) electrodes, [21]) and the ORR 
curve in the relevant region is recorded with a constant OH coverage. As the desorption occurs 
at low potentials for these electrodes, OH is strongly adsorbed on the surface in the region 
between 0.9 and 0.7 V, and probably, it is less affected by the electrode potential and water 
structure, giving rise to a constant behavior. A similar situation is observed for the Pt(110) 
electrode [68].  
Stepped surfaces with (111) terraces show a mixed behavior between the Pt(111) and 
the other basal planes. In pH = 1.2, the behavior is the same as previously reported [12, 13]: 
higher activities are observed for narrower terraces. The (111) terrace should follow the same 
trend as the Pt(111) electrode, whereas the activity of the steps should remain almost constant 
with pH, as happens with the Pt(110) and Pt(100) electrodes. Thus, stepped surfaces also follow 
a volcano curve, but with gentler slopes. As expected, the increase in the acid region is 
dependent on the terrace width: the narrower the terrace is, the lower the increase in the region 
pH < 6 is observed. Thus, the increase in the current densities at 0.85 V as the pH increases in 
the acidic region for the Pt(554) or Pt(544) electrodes is larger than that observed for the Pt(775) 
or Pt(755) surfaces. In alkaline solutions, it should be stressed that the steps show negligible 
activity for the ORR in comparison with the terraces [15]. This observed behavior could explain 
the different trend in reactivity for stepped surfaces between acidic and alkaline media: while 
in acidic media the narrower the terraces are, the higher electrocatalytic activity is measured, in 
alkaline media surfaces with wider terraces are more electroactive [13, 15] due to the high 
dependence of the activity of the (111) plane with pH. 
Another important parameter in the kinetics of the ORR is the Tafel slope. Tafel slopes 
were also calculated in the potential region around 0.85 V. The obtained results for Pt(111) and 
its vicinal stepped surfaces at pH values below 6 are around 65 mV/dec. In alkaline media, they 
slightly increase until reaching 71 mV at pH = 13.1. For the Pt(100) and Pt(110) electrodes, the 
values are higher than those measured for the Pt(111) surface. Higher dispersions are observed 
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with the Pt(110) electrode. It is known that this electrode undergoes reconstruction, which is 
very dependent on the annealing conditions [68]. Thus, small small differences in the flame-
annealing treatment can lead to different surface structures and different slopes. The reported 
values for the Tafel slopes are in agreement with the previous works [1, 12, 13, 15, 29, 35]. As 
can be seen, Tafel slopes for each electrode are not strongly influenced by pH changes, implying 
that the reduction mechanism is not significantly affected by pH. It should be stressed that the 
Tafel slopes contains information not only on the rate determining step, but also on the changes 
of interaction between adsorbed species on the surface [15]. The constancy of these values 
suggests that the interaction between the species taking part in the mechanism and the surface 
are not affected by the pH changes. 
 
 
4.2.4 On the variation of the limiting current while increasing the solution pH 
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Fig. 10. ORR polarization curves for Pt(111) in a pH 4.1 solution prepared with a NaF/HClO4 mixture and 
saturated with different O2:Ar flow ratios (A), and jlim vs. O2 molar fraction plot (B). Scan rate: 50 mV s-1. 
Rotation rate: 1600 rpm. 
 
The other remarkable and unexpected feature observed in Fig. 5 and Fig. 6 is the 
progressive decrease in the current density as the solution pH is increased from 1 to 6. One 
possibility for this phenomenon would be that a reaction involving H3O+ is limiting the reaction 
by diffusion control, analogously to previous observations for unbuffered solutions [60, 69, 70]. 
To confirm or discard this hypothesis, polarization curves using different concentrations of 
dissolved oxygen were recorded. The ratio of argon and oxygen in the gas flow bubbled to the 
solution was controlled with a mass flow controller. The chosen working solution was a 
NaF/HClO4 mixture with pH ca. 4, in which the diminution of the limiting current is clearly 
noticeable. Fig. 10 shows the polarization curves for the different concentrations of oxygen, 
together with the plot of the limiting current density at 0.6 V vs. the molar fraction of oxygen. 
This dependency resulted to be perfectly linear, which indicates that the limiting reagent is 
oxygen and not H3O+. If H3O+ was limiting the oxygen reduction reaction by mass transport 
instead of O2, the limiting currents would have been constant for all the O2:Ar ratios, or at least  
the plot would not be linear, if the limiting diffusion species changed with the O2 
concentration. 
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Fig. 11. HPOR and HPRR study on Pt(111) in a Ar saturated pH = 4.8 solution prepared with a NaF/HClO4 
mixture and 1 mM H2O2. Scan rate: 50 mV s-1. 
 
Hydrogen peroxide reduction and oxidation reactions (HPRR and HPOR) studies have 
been carried out in order to further corroborate that proton diffusion is not responsible of the 
observed effect. For the HPOR, in acidic conditions, hydrogen peroxide is the only reagent and 
H+ is a product of the reaction. Under these conditions, proton diffusion has no effect on the 
outcome of the reaction. For the HPRR, proton and hydrogen peroxide are the reactants. If the 
limiting current density for the HPRR is the same that the one for the HPOR, it indicates that the 
diffusion of the proton is not a limiting reaction for the reduction. In order to check that, H2O2 
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reduction was studied on Pt(111) in a solution of pH ca. 5. As can be seen in Fig. 11, both limiting 
currents for the HPRR and HPOR are the same at pH = 4.8. In addition, only one wave is observed 
for the HPRR. As can be seen in the work of Strbac [69], HPRR measurements performed at more 
neutral values in unbuffered conditions show two waves because of the proton diffusion control, 
in a similar way to the observed by Li et al. with the oxygen reduction reaction [60]. This fact 
seems to indicate that, in the conditions presented here, solutions have enough buffer capacity 
to provide a correct proton  
transport. For further corroboration of this hypothesis, HPRR and HPOR have been 
studied with a H2O2 concentration that produces the same limiting current density that the one 
measured for the ORR in an oxygen saturated solution (Fig. 12). Limiting current density 
obtained for HPRR in both pH = 1.2 and pH = 4.8 are the same and equal to the theoretical 
limiting current density obtained for the ORR in pH = 1.2. Moreover, the measured limiting 
current for the ORR at pH=4.8 is smaller than the one recorded for the HPRR at the same pH 
vale. This fact demonstrates that the solutions have enough buffering capacity for the reaction, 
and that the decrease for the ORR limiting current density for the ORR at more neutral values 
should then have another reason. 
 
 
Another possible explanation for the decrease in jlim would be that a fraction of the 
reacting oxygen produces hydrogen peroxide as final product instead of water, with the 
subsequent loss of faradaic efficiency. This only can be possible if hydrogen peroxide cannot be 
further reduced to water at high potentials in these conditions. In Fig. 11, it can be observed 
that hydrogen peroxide is fully reduced at potentials very close to 1.0 V and the limiting currents 
are the same as measured in 0.1 perchloric acid solution [71]. Thus, hydrogen peroxide should 
be reduced to water at potentials near to the onset potential of the ORR also at neutral pH 
values. An additional proof of this can be obtained using a rotating polycrystalline platinum ring-
disk electrode, because the diminution of the limiting current is observed for all the surfaces, 
and also for the polycrystalline electrodes. In this case, experiments were performed for pH > 4. 
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The platinum ring was fixed at 1.1 V vs RHE to oxidize the possible generated hydrogen peroxide 
on the platinum disk electrode. Disk currents for pH = 4.5 follow the expected trend and they 
are lower than those measured for pH = 1.2, but, as can be seen in Fig. 13, hydrogen peroxide 
follows the same behavior in both pH values, while the ratio between ring and disk currents 
remains constant. These experiments further confirm that hydrogen peroxide is not responsible 
of the diminution of the limiting current observed for ORR at neutral pH values; e.g. once 
hydrogen peroxide is formed, it would be readily reduced.  
 
 
The diminution in the limiting current with pH should then have another cause. It can 
be proposed that the diminution of the limiting current is due to a bifurcation point in which a 
reaction intermediate, previous to peroxide formation, stops reacting electrochemically, having 
thus a loss of faradaic efficiency. In the light of the results and accordingly to [35], the general 
mechanism shown in Fig. 14 is proposed. According to this mechanism, OOH· intermediate 
would be the key species in the bifurcation point of the ORR. The existence of adsorbed OOH 
intermediate formed via reaction (2) as a bifurcation point has been proposed previously [33, 
34], but in the light of the results presented by Gómez-Marín et al. in [35], we consider that OOH· 
can also be a soluble intermediate, existing an equilibrium between the adsorbed species and 
OOH in solution. For neutral pH values, via (reaction f2, fig. 14) would occur partially, and some 
of the OOH· would diffuse to the bulk solution (reaction f1, fig. 14), where it would slowly 
disproportionate into oxygen and water through a bimolecular reaction, with the subsequent 
diminution in the number of transferred electrons and therefore the diminution of the limiting 
current. For more acidic pH values or for higher overpotentials (since at pHs around 4 the current 
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density returns towards the theoretical values at E < 0.4 V vs. RHE, see figure 5A), via (reaction 
f2, fig. 14) is more favored, giving water as the final product and transferring the theoretical four 
electrons. Under these conditions, the presence of adsorbed hydrogen could favor the reduction 
of OOH· towards H2O2, as pointed out by equilibrium (reaction f3) in Fig. 14. At more neutral 
values, the surface electrode charge is less favorable for the reduction of OOH·, even using Hads, 
It should be pointed out that the change of the water structure caused by the presence of the 
fluoride anion might also affect this reaction. Further work is required to clarify this issue. 
 
 
 
5. Conclusions 
In this work, we have demonstrated that oxygen reduction reaction at platinum single 
crystal electrodes can be studied for pH values as high as 6 in absence of specific anion 
adsorption and with suitable buffering capacity, by using NaF/HClO4 mixtures with sufficiently 
high concentration. The plot of jk measured for the ORR vs. pH for the Pt(111) electrode follows 
a volcano curve whose extrapolated maximum is located around pH = 9. For this pH value, the 
reaction would face the ideal conditions regarding the electrode charge and the amount of 
adsorbed intermediates. A change in water structure determined by kosmotropic or chaotropic 
effects of the anions present in solution may have also some effect. 
In the case of the other basal planes, Pt(100) and Pt(110), kinetic current densities are 
not affected the pH, while (111)×(111) and (111)×(100) stepped surfaces show an intermediate 
behavior: the larger the (111) terraces are, the higher the increase of the electrocatalytic activity 
as pH increases is. Tafel slopes are practically unaffected by changes in pH. 
For all cases, and especially for Pt(111) and the stepped surfaces, a progressive decrease 
of the limiting current with increasing the pH is observed. The origin of this phenomenon can be 
related to a bifurcation in the mechanism previous to hydrogen peroxide formation, and 
originated probably by a soluble OOH· intermediate, which in neutral pH values diffuses to bulk 
solution, implying a loss of faradaic current. It should be stressed that this work opens up the 
possibility of studying the electrocatalysis of different reactions at more neutral pH values, 
allowing a better understanding of the reactivity and the detection of intermediate species, like 
OOH·, which can be more stable and easier to detect in these neutral experimental conditions 
that could increase the lifetime of these intermediates near the electrode surface. 
 Fig. 14. Proposed mechanism for the ORR in acidic to neutral pH values. 
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